OBJECTIVE: To systematically analyze the nature of measurement variability in lung cancer with multidetector computed tomography (CT) scans.
T umor imaging plays a fundamental role in clinical care and trials of lung cancer where computed tomography (CT)-based tumor measurement is the preferred technique. [1] Compared with the World Health Organization (WHO) criteria, the Response Evaluation Criteria in Solid Tumors (RECIST) shows a better result in determining response to therapy. [2, 3] Recently, volume technique obtained with automated segmentation tool improves accuracy of assessment. [4, 5] Owing to measurement variability, however, measurements of lung tumor size on CT scans are often inconsistent and can lead to an incorrect interpretation of tumor growth or response. Although a number of significant factors leading to measurement variability have been documented, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] those of primary importance and the quantitative relationship between those potential factors and variability have yet to be determined. The purpose of this study was to systematically analyze the measurement variability in CT interpretation in cases of nonsmall cell lung cancer.
Methods
This retrospective study was approved by our institutional ethics committee, and the requirement for informed consent was waived because of the retrospective nature.
Patients' characteristics
Patients were identified in the Picture Archiving and Communication System from January 2014 to December 2015. All the identified patients had solid pulmonary nodules or masses diagnosed as nonsmall-cell lung cancer by biopsy or surgical specimen, and all tumors were imaged by CT with 2.0 mm or thinner collimation.
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For reprints contact: reprints@medknow.com of 67.1 years ±12.2 standard deviation (SD). Sixty-five patients had one focus each, and two patients had two foci each.
Computed tomography data acquisition
Patients underwent imaging using a 64-detector CT scanner (LightSpeed VCT, GE Healthcare, USA, Chicago, IL) with 64 mm × 0.625 mm collimation and a 16-detector CT scanner (Sensation 16, Siemens Medical Systems, Forchheim, Germany) with 16 mm × 0.75 mm collimation. Scans were obtained with the patients at full inspiration. Exposure settings were 50-80 mAs at 120 kVp. Axial images of 1.25 mm or 1.5 mm thickness were reconstructed with 512 × 512 matrix. Air calibration was conducted every morning before CT scanning.
Tumor measurement
Pulmonary tumors were analyzed independently by 10 raters (with 2-10 years of experience in radiology, respectively) on a workstation (Leonardo; Siemens Medical Systems) using a lung window (width, 1500 HU; center, −500 HU), and if necessary, the window settings were allowed to be changed. After instruction to measure tumors on preselected images, the raters performed measurements on transverse slices using a digital caliper according to the RECIST and WHO criteria and obtained the volume of each tumor using the computer-aided semi-automated evaluation software (LungCare; Siemens Medical Solutions). Four measurements were generated: longest diameter on native axial slice (RECIST criteria), longest perpendicular diameter in the same image, product of these two diameters (WHO criteria), and volumetric quantification of the tumor. The raters were not aware of each other's selected slices. At least 5 months later, a duplication of measurement procedure was performed by each rater for all tumors.
In addition, two experienced raters (D. Z. and B. J., with 20 and 10 years of experience in radiology, respectively) visually assessed tumor morphological characteristics by consensus. Moreover, four subgroups were generated: regular group (well-defined boundary) versus irregular group (undefined boundary) and isolated group (nearly no interface between tumor and adjacent structures) versus nonisolated group (interface ≥45°).
Statistical analysis
Statistical analysis was performed with the SPSS software (PASW Statistics 18; SPSS Inc., Chicago, IL, USA) and two-tailed P < 0.05 was considered statistically significant. The required sample size to detect a significant association at α =0.05 and with a power of 90% was estimated to be 60. Continuous variable is expressed as mean ± SD. W e e s t i m a t e d t h e i n t r a o b s e r v e r r e l i a b i l i t y w i t h formula of (between_subject SD 2 + between_observer S D 2 ) / ( b e t w e e n _ s u b j e c t S D 2 + b e t w e e n _ o b s e r v e r SD 2 + measurement_error SD 2 ) and interobserver reliability with formula of (between_subject SD 2 2 ) by Bartlett and Frost, [14] and the agreement by Bland-Altman plots. The variation coefficient (VC), defined as the ratio of the SD to the mean, was also calculated. The variation sources of the tumor measurements were modeled with the analysis of variance. [7] We also explored the relationship between measurement variability and potential factors by curve estimation.
Results
Tumor size ranged from 1. 
Misclassification rates
Because of unavailable criteria for volumetric technique at present, we used RECIST criteria as the reference for volumetric measurement. Misclassification rates demonstrated the potential impact of measurement variability. For each rater and each tumor, the difference between the smallest and largest measurement was computed. All measurement differences were assessed relative to the smaller measurement using RECIST and WHO criteria for progressive disease (RECIST >20% and WHO >25%) and relative to the larger measurement using criteria for response (RECIST >30% and WHO >50%). A misclassification was recorded in each group if the relative change exceeded these criteria. For inter-rater misclassification, only the first replication was used for this estimate. Volumetric technique showed the lowest misclassification rates [ Table 2 ].
Agreement and reliability
For the repeatability (intra-rater) study, the 95% limits of agreement varied from −12.1 mm (−26.9%) to 12.9 mm (28.9%) for unidimensional, −984.0 mm 2 (−45.1%) to 960.3 mm 2 ( 47.6%) for bidimensional, and −6666.4 mm 3 (−11.2%) to 7221.8 mm 3 ( 11.6%) for volumetric measurement [ Table 1 ]. The significant difference was found among RECIST versus WHO (P < 0.001), RECIST versus volume (P < 0.001), and WHO versus volume (P < 0.001), respectively. For the reproducibility (inter-rater) study, the 95% limits of agreement varied from −13.7 mm (−31.2%) to 13.9 mm (31.2%) for unidimensional, −1095.0 mm 2 (−52.4%) to 1153.4 mm 2 (53.6%) for bidimensional, and −19593.2 mm 3 (−23.9%) to 22622.5 mm 3 (25.8%) for volumetric measurement. The significant difference was found among RECIST versus WHO (P < 0.001), RECIST versus volume (P < 0.001), and WHO versus volume (P < 0.001). In the long run, we expect the difference between two volumetric measurements on a subject to differ by no more than −11.2%, 11.6% for repeatability study and −23.9%, 25.8% for reproducibility on 95% of occasions [ Figure 1 ]. This means that increases and decreases less than the threshold can be a result of the inherent variability and may be indistinguishable from changes caused by variability alone and are unproven as a marker of efficacy in clinical trials.
The intra-rater and inter-rater reliability were 0.998 and 0.971 for unidimensional measurements, 0.998 and 0.982 for bidimensional measurements, and 1.000 and 0.997 for volumetric measurements. In addition, the volumetric technique had the smallest VC [ Table 1 ].
Sources of variation
For the analysis of variance, the dependent variable was the tumor size measured and the independent variables were tumor, rater, and replication. The results indicated that tumor effect (measurement variability resulted from tumor characteristics alone) and rater effect (measurement variability resulted from rater characteristics alone) were significant in producing measurement variability, and the vast majority of variability was contributed by tumor effect [ Table 3 ].
Influence of tumor characteristics
Compared with unidimensional and bidimensional techniques, volumetric technique had the lowest misclassification rate and VC and the highest agreement and reliability. Therefore, volumetric technique was optimal for therapeutic response assessment of lung cancer [ Table 4 ].
For repeatability (intra-rater) study, tumor size (P < 0.001) and interface (P = 0.001) influenced the volumetric measurement: the lower variability was found in isolated tumors with interface of <45°, and the lowest variability could be obtained at tumor size of 57 mm by the fitted function of Y = 0.001X 2 − 0.114X + 7.524 [ Figure 2 ]. For reproducibility (inter-rater) study, variability was only associated with tumor size (P < 0.001) and the lowest variability appeared at 40 mm by the fitted function of Y = 0.004X 2 − 0.317X + 16.079 [ Figure 2 ].
Discussion
Compared to unidimensional and bidimensional techniques, our study showed that volumetric technique had the minimum variability in measuring lung cancer with CT scans, and the vast majority of variability was produced by tumor effect. Furthermore, variability was associated with tumor size by nonlinear mathematical equation. To clarify the significance of our results, we will elucidate the following key points: 1. Why should reliability be introduced into analysis of measurement variability in lung cancer? 2. Is conventional inter-observer variability really a result of observer (rater) heterogeneity or subjective effect? 3. Is there linear or nonlinear relationship between measurement variability and tumor size? Figure 1 : Bland-Altman plots demonstrating the agreement between intra-rater (repeatability) and inter-rater (reproducibility) measurements of volume, which is logarithmically transformed. As presented in the Bland-Altman plots, the level of agreement is significantly higher for intra-rater measurements than that for inter-rater measurements Repeatability (intra-rater) refers to the variation in repeat measurements made on the same subject under identical conditions. This means that measurements are made by the same instrument or method, the same observer (or rater), and that the measurements are made over a short period, over which the underlying value can be considered to be constant. Reproducibility (inter-rater) refers to the variation in measurements made on a subject under changing conditions. The changing conditions may be due to different measurement methods or instruments being used, measurements being made by different observers or raters, or measurements being made over a period, within which the "error-free" level of the variable could undergo non-negligible change. [14] 
Reliability and agreement
Repeatability and reproducibility are characterized by the concepts of agreement and reliability. Agreement quantifies how close two measurements made on the same subject are and is measured on the same scale as the measurements themselves. Reliability relates the magnitude of the measurement error in observed measurements to the inherent variability in the "error-free," "true," or underlying level of the quantity between patients.
In previous studies, [4] [5] [6] [7] [8] [9] [10] 12, 13] agreement has been emphasized and most of these studies used the Bland-Altman plots to demonstrate the agreement. Compared to agreement, however, reliability is rarely referred to. Reliability is critical for evaluation of therapeutic response because it represents the validity of measurement. [14, 15] The agreement tells how close the first and the second measurements observed are, while reliability tells how close the measurements observed and the true size are. To a tumor with true size of 5.0 cm, intuitively, if the first measurement observed was 3.0 cm and the second measurement observed was 2.9 cm, agreement of measurements observed would be considered good because the difference of two measurements observed was so little (0.1 cm), but reliability would be poor because the measurements observed (3.0 cm or 2.9 cm) was so far from the true size of 5.0 cm.
We compared the agreement and reliability of unidimensional, bidimensional, and volumetric techniques, and the results revealed that volumetric technique had the best agreement and reliability, indicating that volumetric measurements were optimal in consistency between raters (agreement) and between measurements observed and true measurements (reliability). In addition, given this increased interest in quantitative tumor measurements, it becomes important to understand what measurement changes are meaningful rather than a result of variability of measurement. [12] Our results showed that the 95% confidence interval (CI) of agreement of volumetric technique was from −11.2% to 11.6% for repeatability study and −23.9% to 25.8% for reproducibility study, indicating that a meaningful or true change can be determined as differences between measurements observed are beyond these 95% CIs, because measurement variability will be within these 95% CIs.
Is conventional inter-observer variability really a result of subjective effect? Our current results indicated that both object effect (measurement variability resulted from tumor characteristics alone) and subjective effect (measurement variability resulted from rater characteristics alone) could influence inter-rater variability. However, the vast majority of variability was a result of object effect rather than subjective effect. What does that mean? It means that the inter-observer variability is primarily not a result of subjective effect. If the inter-observer variability is intrinsic to observers, it would be closely changed as observer changed, otherwise the association would be extrinsic. For example, there is a regular tumor and an irregular tumor; different observers have different measurements observed both in regular and irregular tumors. As we know, however, the differences of measurements observed would be smaller in regular tumor than that in irregular tumor to all observers.
Before the era of advanced volume technique, Erasmus et al. [7] concluded that measurements of lung tumor size on CT scans were often inconsistent and consistency can be improved if the same reader performs serial measurements for any one patient. With the development of computer-aided methods or automation techniques, measurement variability resulted from observers would be minimized or eliminated. Therefore, we think that the future efforts should be focused on the consistence of determining tumor borderline, which is more convenient and accurate in clinical practice.
Mathematical functions between variability and tumor size
Although the effect of pulmonary nodule characteristics on measurement has been reported in a number of studies, including nodule morphology, location, size, inspiration level, and segmentation, [8] [9] [10] [11] 13] there are limited data on object characterization in pulmonary masses. Our study showed that tumor segmentation, i.e., how to delineate the boundary of a tumor, was related with volumetric measurement variability, which is accordance with the previous study reporting that segmentation represents the most important factor contributing to measurement variability. [8] With the development of computer-aided methods or automation techniques, segmentation technique, i.e., how to delineate the boundary of a tumor, would become one of the most important points in tumor measurements.
It should be noted that nonlinear relationship was of significance between tumor size and volume variability in our study. Oxnard et al. [12] reported that larger tumors tend to have larger magnitude measurement changes in millimeters, but an opposite relationship occurred in relative change (percent increase or percent decrease). However, our results showed that nonlinear relationship had better goodness of fit than that of linear relation. The nonlinear relationship (point conic, or quadratic function, or U-shaped curve) reveals that medium-sized tumors tended to have the smallest variability. This is an interesting finding and the fact that medium-sized lesions are more reliably measured and very small and very large lesions are difficult to measure accurately.
Although volumetric quantification produced a promising result, accurate determination of response may require functional and molecular techniques. [16, 17] In addition, we did not determine the threshold of evaluating therapeutic response for volumetric technique.
Conclusion
Volumetric technique has the minimum variability in measuring lung cancer with CT, and the vast majority of variability is a result of object effect (tumor characteristics). Moreover, medium-sized lesions are more reliably measured according to the established U-shaped curves between variability and tumor size. Financial support and sponsorship Nil.
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